Natural gas provides 21% of the primary energy supply of Europe. According to EU predictions, this share will increase to approximately 28% in 2020 and dependence on natural gas imports will increase. The question arises how the increasing demand for gas can be assured? This will be analysed in this paper focussing on the resource base, technical viability, as well as contract security. As far as the resource base for natural gas is concerned, Western Europe's situation is quite favourable. Despite little resources of its own, Western Europe is surrounded by countries and regions with high gas potential (Russia, North Africa, the Caspian region and the Middle East). In addition to a sufficient resource base, production and transport play an important role, especially if there are long distances between producer and consumer countries. Transport costs are a decisive factor, due to the lower energy density of natural gas than that of oil and coal, which limits the distance for transport of gas. Therefore, natural gas markets are mainly regional. Only large gas fields (especially supergiants) are suitable for natural gas supply over long distances despite high infrastructure costs. An extensive pipeline network exists for the gas supply in Europe. This network has to be expanded in the future, however. The price of natural gas is coupled to the price of crude oil. Sizeable fluctuations in the oil price are a factor of uncertainty for capital investment decisions. In order to secure the future gas supply and to take advantage of this environmentally friendly energy source in competition with other primary fuels, all cost-reducing measures must be taken. Political measures must be taken to safeguard the very long-term capital investments.
INTRODUCTION
In 2000, natural gas provided 21% (about 95 billion m 3 ) of the total primary energy supply of Germany. More than one-fifth of the natural gas (23%) consumed in Germany was supplied from domestic sources, 36% from Russia, 19% from The Netherlands, 21% from Norway, and 3% from Denmark. In the European Union, natural gas also provided 21% (about 396 billion m 3 ) of the total primary energy supply (BGR 2001) .
Because it emits less CO 2 per energy unit than coal or oil, the share of natural gas in the total primary energy supply has increased steadily in the last several years (in Germany from 0.4% in 1960 to 4.4% in 1970, 14.6% in 1980, and 15.6% in 1990) . This increase is expected to accelerate in the coming years. Natural gas consumption in Germany is predicted to rise to 97 -103 billion m 3 in 2010 and 107 -112 billion m 3 in 2020 (Prognos 1998 , Esso 1998 , corresponding to about 24% in 2010 and about 28% in 2020 of the total primary energy supply.
In the EU countries, consumption of natural gas is predicted by the European Commission to increase to about 510 billion m 3 in 2010 and about 550 billion m 3 in 2020, corresponding to an increase in its share to 26% in 2010 26% in and 27% in 2020 26% in (EU 2000 .
Dependence on natural gas imports in Germany will rise from 79% in 1999 to 86% in 2010 and 94% in 2020, due to low domestic production and the small resource base. The figures for the EU are 40%, 52% and 67%, respectively.
The question thus arises: How the increasing demand for gas can be assured? To answer this question, the following aspects have to be taken into consideration: geological conditions, i.e., the reserves situation and expected resources; technical possibilities for economic development of new natural gas fields, processing and transportation of natural gas; security of natural gas supply under existing and future contracts. The following discussion is based on BGR (1998 BGR ( , 1999 and Eickhoff (1999) .
RESERVES SITUATION
Conventional natural gas reserves worldwide were estimated in a BGR study (1998) , updated to the end of 2000, to be 162.2 trillion m 3 , resources at 197.8 trillion m 3 . These reserves would last for about 65 years if annual production were a constant 2.5 billion m 3 , the resources for an additional 82 years. The situation for natural gas is more favourable than for conventional oil (42 and 21 years, respectively). Therefore, from a geological point of view, problems are not anticipated for the natural gas supply in the near future. Non-conventional natural gas resources are not included in this estimate. Non-conventional natural gas resources are estimated to be an order of magnitude greater than those for conventional natural gas (BGR 1998) . Nevertheless, it is not yet know how non-conventional natural gas resources can be technically and economically exploited.
The lifetime of conventional natural gas resources is illustrated in Figure 1 for different production growth rates. The predictions are based on the "estimated ultimate recovery" for conventional oil and gas at the end of 2000, which is divided into total production to date, reserves, and resources. Cumulative production in the next 25 years is shown for different growth rates (0 to 6 percent per year). At the beginning of 2001, only 16% of the estimated ultimate recovery amount had already been produced. Thus, the situation for natural gas is more favourable than for oil (35% of estimated ultimate recovery at the beginning of 2001), which has been produced for a considerably longer time. If natural gas production increases by the 3% predicted by IEA (IEA 2000) , only a little less than 40% of the estimated ultimate recovery will have been produced by 2025, comparable to the present situation for conventional oil resources. Even at a growth rate of 6 percent per year the depletion mid-point would not be exceeded. Moreover, the depletion mid-point is not as important for natural gas as for oil. Natural gas resources are unevenly distributed over the world. Many countries with a high natural gas demand do not have sufficient gas resources. The regional distribution of reserves, resources, and estimated ultimate recovery for conventional natural gas are given in Table 1 The C.I.S. (especially Russia) has the highest natural gas potential followed by Middle East, North America, and Austral-Asia. About half of the estimated ultimate recovery in North America has already been produced. The European (without C.I.S.) natural gas potential is insignificant; it has about 5% of world reserves and about 4% of world resources. Germany has only 0.2% of world reserves, despite a share of 4% of world gas consumption.
Transport and undisturbed trade are very important for natural gas supply owing to the limited possibilities for storing gas. Transport costs are a decisive factor due to the lower energy density of natural gas than those of oil and coal, limiting the distance that natural gas can be transported. Therefore, natural gas markets are mainly regional, in contrast to the global oil and coal markets. Within the regional gas markets, producer and consumer are bound by long-term contracts due to the high capital investment necessary to develop the required infrastructure.
There are four regional gas markets: the North and South American markets, in which natural gas is transported virtually only by pipeline, the Asian market, which is almost exclusively an LNG market, and the European market.
THE EUROPEAN NATURAL GAS MARKET
The European natural gas market extends to Kazakhstan and western Siberia in the east and to North Africa in the south. The Middle East is not included. Natural gas consumption in the European gas market amounts about 1000 to 1100 billion m 3 per year. Three-quarters of this amount comes from only four countries: Russia, the United Kingdom, The Netherlands, and Algeria. Russia alone produces more than half of the natural gas in this market. About 350 billion m 3 of natural gas is involved in cross-border trade. The gas is transported mainly by pipeline, only about 25 billion m 3 natural gas is imported as LNG from Algeria and Libya as well as small amounts from Qatar, U.A.E., and Trinidad and Tobago.
The small reserve base (about 7460 billion m 3 ) in Europe is shown in Table 1 . Only three countries -Norway, the United Kingdom and The Netherlands -have more than three-quarters of these reserves. The distribution of natural gas reserves and resources within the European gas market is shown in Figure 3 . Only counties with a remaining gas potential (reserves plus resources) of more than 500 billion m 3 are shown. Circles with a radius of 1000, 2000 and 3000 km around Germany show the distance to the main supplier countries.
Basic data for the countries of the European market, as well as the main Middle East countries, is given in Table 2 . Please note the dominating position of Russia with respect to reserves (about 48.1 trillion m 3 ) and resources (about 77 trillion m 3 ). The distribution of natural gas reserves among the main regions of the Russian Federation is shown in Table 3 . Western Siberia is the most important of these regions. Eastern Siberia will not be able to supply the European market due to the long distances. However, this region is not too far from the Asian market, where demand for natural gas will rise sharply in the future.
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Figure 3: European natural gas market: Countries with a remaining potential of more than 500 billion m 3 The enormous Russian gas potential and high potential of Caspian region, the North Sea and North Africa provide a favourable resource base for the European natural gas market. The situation is even more favourable when the Middle East gas potential is also taken into consideration. The European situation (Fig. 4) looks similar to the global situation (Fig. 1) .
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Figure 4: European natural gas market: Estimated ultimate recovery and availability of conventional natural gas The distance to Germany from the natural gas fields in The Netherlands and the British North Sea sector is less than 1000 km, and less than 2000 km to the fields in the Norwegian North Sea sector. The distance to the fields in the Barents Sea, in the Russian Volga-Ural and North Caspian region, in western Kazakhstan and North Africa is between 2000 and 3000 km., and the fields in western Siberia, Turkmenistan, Uzbekistan and the Middle East are as much as 5000 km from the European market. These are straight-line distances; the actual transport distances are greater.
Only giant gas fields with reserves of more than 100 billion m 3 natural gas and supergiants -with reserves more than 1000 billion m 3 -are suitable for natural gas supply over long distances. About 26,600 gas fields are known worldwide (Ivanhoe & Leckie 1993) . Only about 100 of these are giant or supergiant fields, i.e., less than 1%. Nevertheless, these few fields contain most of the global reserves. Analogous to oilfields, they contain about 75% of the known reserves. Table 4 gives an overview of the main supergiant fields in the European gas market and Middle East.
Peak production for single fields depends on many factors. Generally, the production curve for a natural gas field differs from that for an oil field. Whereas oil production follows a bell-shaped curve, gas production curves show a plateau with relatively constant or slightly declining production and thereafter a sharp decline. Two examples of gas production curves are shown in Figure 5 and duration of plateau production is determined, for example, by the location of the field (onshore or offshore), the composition of the gas, the reservoir parameters, as well as economic aspects. The figure shows different production curves for the onshore Lacq field in France (sour gas) and the offshore Frigg field (sweet gas) in the British and Norwegian sectors of the North Sea (Fig. 5) , both operated by Total. Plateau production from the Lacq field continued for more than 20 years and it is assumed that the field will be depleted after about 50 years. Plateau production from the Frigg field lasted only 5 years with depletion expected after about 20 years. This illustrates a distinct difference between onshore and offshore fields. The level of plateau production of about 17 billion m 3 /a in the Frigg field was about twice that of the Lacq field, despite smaller reserves. Gas can be produced from an onshore field over a long period (as much as 50 years or more) with much lower production rates and a higher recovery rate than is normal for offshore fields. In contrast, production from offshore fields is limited to about 20 years. This short period is dictated by the need to recover the high investment costs and by the relatively short lifetimes of offshore installations. As is generally the case for sour gas fields, the level of plateau production from the Lacq field was limited by the capacity of the desulphurization plant. The plateau production level of onshore fields ranges from about 2% (e.g., the Groningen field) to as much as 5% (e.g., some Russian fields) of the initial reserves. The plateau production level for offshore field can be as high as about 9% (e.g., the Frigg field). This is only a rule-of-thumb, because actual production levels are determined by the companies participating in field development and production.
The Netherlands (with decreasing trend), Norway and Russia are important at the present time for the supply of natural gas to Germany. Whereas production from the Norwegian Troll field has only recently been started, more than half of the initial reserves have been produced from the Russian Urengoy and Medvezhye fields and production is declining. Present production levels can be maintained only by the development of new fields on the Yamal Peninsula, which have total reserves of about 10 trillion m 3 . About US$10 billion will be needed for the development of these fields, including pipelines to Europe about US$40 billion. The Zapolyaroye field, just south of the Yamal Peninsula, went on stream in 2001; other fields will follow at the earliest in 2005. Because Gazprom is having trouble with the financing of these projects, delays cannot be excluded. Development of the Shtokman field in the Barents Sea is a further project -with production expected to start in 2008 and maximum annual production of 90 billion m 3 , corresponding to current German gas consumption. These projects must be carried out under extreme climate conditions (north of the Arctic Circle).
From the above discussion it can be seen that the existing natural gas potential will be sufficient for supply of natural gas for the next several decades. However, the distances between producer and consumer countries are particularly long and therefore some projects may be uneconomic. Thus, production and transport costs will play an important role.
PRODUCTION COSTS
The full upstream cost of natural gas includes the cost of exploration and development of a natural gas field. Obviously, this is the cost at wellhead, determined by the kind and depth of the reservoir, the climate conditions and the gas composition. Because detailed production cost data is not published, they must be estimated. IEA (1995) has published widely varying estimates for several natural gas producing countries and regions. These differences are due differences in the initial assumptions. Figures for Western Europe range from US$0.10 to US$2.20 per MBtu; the Dutch gas is the cheapest and Norwegian gas the most expensive. Costs for British natural gas are estimated to be US$1.50 per MBtu. Estimates for Norwegian gas differ from US$1.00 to US$2.50 per Mbtu. Estimates for Russian gas range from US$0.50 for West Siberian fields to US$1.50 for fields in the Barents Sea. Algerian and Libyan fields are estimated to have production costs of US$0.40 to US$0.60 per Mbtu. Production costs for Turkmen gas are estimated to be US$0.50 per Mbtu by the World Bank and US$0.56 to US$0.98 per Mbtu according to official Turkmen sources (IEA 1998, p. 253) . Production costs for new Algerian and Libyan projects vary from US$0.85 to US$1.20 per Mbtu (Arab Oil & Gas 16/3/2000, p. 30-31) . In Germany, the price for natural gas is estimated to be US$1.76 per Mbtu, including preparation of natural gas according to Wirtschaftsverband Erdöl-und Erdgasgewinnung (WEG). Leprince & Valais (1991) classify global natural gas reserves according to production cost (Table 5 ). About 40% of gas reserves can be produced at less than $0.70 per MBtu and 45% from $0.70 to $2.20 per MBtu. In addition to the cost of production, the price of natural gas must include processing costs, royalties, customs duties, and company profits. Processing costs depend on the gas composition. Dry gas (mainly methane) only has to be dried. The processing of wet gas (which contains higher hydrocarbons) is more expensive. The higher hydrocarbons are separated from the gas and sold as LPG, reducing costs. Special equipment resistant to H 2 S is needed for production of sour gas; hydrogen sulphide and sometimes carbon dioxide must be separated and sulphur is a byproduct.
The price of natural gas at the border of a producing country must include all of these costs. In 1999 the export price for Russian gas was $1.68 per MBtu, for Turkmen gas $0.98 per MBtu. The price for natural gas from new Algerian, Libyan and Egyptian fields by pipeline is estimated to be $0.98 per Mbtu (Arab Oil & Gas 16/3/2000, p. 30 31)
TRANSPORT COSTS
Because the gas-producing region is usually not the same as the consumer region, natural gas must be transported over long distances by pipeline or as liquefied natural gas (LNG) in special tankers. Transport costs for natural gas are significantly higher than those for crude oil or coal due to the lower energy density of natural gas (Fig. 6 ). This is a competitive disadvantage, especially when the fields are very far from the markets. Whether natural gas is used depends on the economic and political conditions in the consumer country, and increasingly on environmental requirements.
The transport costs for natural gas in Figure 6 are for a pipeline with a capacity of 10 billion m 3 per year. These costs are highly dependent on pipeline capacity. An increase in capacity from 5 to 20 billion m 3 /a reduces the transport costs by half. Transport by offshore pipeline is 50% more expensive. Steinmann (1999) estimates cost of transport for an average distance of about 4700 km (western Siberia to Germany) to be $1.54 per MBtu, based on a pipeline diameter of 1.4 m, a working pressure of 84 bars, and a transport capacity of 54 billion m 3 /a. Increasing the pipeline diameter to 1.6 m and a working pressure of 120 bars increases the transport capacity to 54 billion m 3 /a and the cost is reduced to $1.18 per MBtu. The capital investment would be about 7.5 billion for first case and about 11.5 billion for second one.
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Figure 6: Transport costs for gas and oil in US$/boe after HATAMIAN (1998), for coal after Vereindeutscher Kohleimporteure (Jahresbericht 1998)
The European natural gas market has a good pipeline network connecting the main producing regions (western Siberia, Volga-Ural, North Sea and North Africa) with the main consumers in Western and Central Europe as well as with the western part of the C.I.S. (Fig. 7) . The pipeline network of Western and Central Europe has about 50,000 km of long-distance pipelines and more than 1.5 million km of pipelines for local distribution. The Russian long-distance pipelines have a length of about 150,000 km, operated by Gazprom. About 13% of Russian pipelines have been in operation for more than 30 years, 20% between 20 and 30 years and 34% between 10 and 20 years. Much of the Russian network, especially the compressor stations, will have to be rebuilt in the next few years.
In general, it can be assumed that there is sufficient natural gas for the pipeline network to be optimally used. To guarantee the rising demand for natural gas, new pipelines have to be built and new natural gas fields developed. This will require considerable capital investment over a long time.
Several pipelines under construction or are planned. One of these projects is the Northern Pipeline Grid for supplying Russian gas to Scandinavia and to connect it to the German pipeline grid. Other projects are the pipeline from the Shtokman field to northwestern Russia, a pipeline linking the giant gas fields on the Yamal Peninsula
Figure 7: Natural gas in Europe (Ruhrgas 1999) , updated with consumers in Europe, the Transcaspian Pipeline Project, the Baku-TbilissiEnzurum pipeline to transport Turkmen and Azerbaijan natural gas to Turkey, the Blue Stream project from Russia to Turkey via the Black Sea, and a pipeline across the Mediterranean Sea from Libya to Italy. When these projects have been completed, sufficient pipeline capacity will exist for the future natural gas supply to Europe. Turkey could play an important role as crossroads for natural gas trade.
GAS PRICE
The price of natural gas is dictated by several factors, as discussed above. The main factors are the production and transportation costs. The relationship between the price of natural gas and that of oil at the German border is shown in Figure 8 . The natural gas price follows the oil price with a time lag of about half a year.
The price of natural gas at the German border remained more or less constant ( 60 to 80 1000 m 3 ) during the 1990s. Only in 1999 did the price drop below this level due to very low oil price in 1998. This trend changed with the sharp increase in oil price in 2000 and in February 2001 the natural gas price reached a maximum of 147.20 1000 m 3 . In January 2002 it fell again to 123.15 1000 m 3 . In the future the natural gas price may be expected to remain at a high level.
Pressure on natural gas prices will increase due to the liberalisation of the natural gas market in the EU. The August 2000 agreement for natural gas in the pipeline grid in Germany will probably not result in a decrease in the price of natural gas for the consumer as happened in Great Britain because of the gas market liberalization in 232 
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Figure 8: Average price of natural gas and crude oil at the German border fromGermany at a time of rising prices in the international gas markets. Moreover, the situation in the gas market cannot be compared with that in the electricity market. Whereas there is over-capacity in the electricity market and many suppliers compete for consumers, the natural gas market is highly dependent on imports. There are only a few suppliers; additional capacities must be developed to meet the rising demand. Many producing fields are in an advanced production stage. Most of the supplies are secured through long-term contracts. There will be no significant changes in the near future, and so a supplier market will dominate the natural gas sector. The liberalisation of the gas market could lead to seasonal ups and downs in gas price. Especially in the summer months an over-supply could occur. For this reason, the importance of underground gas storage will increase and cheap gas will be stored in the summer and delivered at higher prices in winter. A natural gas exchange with daily prices may be expected to develop, like that in Great Britain.
Gas producers, especially Gazprom, have tried time and again to decouple the gas price from the oil price, the main argument being the tying up of large amounts of capital for natural gas projects. In the extreme case, the linking of the natural gas price to the oil price can stop development of essential projects needed for a trouble-free natural gas supply. There are some doubts that decoupling would be successful because natural gas is in competition with other energy sources and can be replaced by them. Liberalisation of the gas market may be expected to lead to competition between gas suppliers.
In the different natural gas markets, prices have differed strongly in the past. During the last few years, however, the prices have begun to converge. In 2000 prices for pipeline gas were US$2.68 per MBtu in the U.K., US$2.85 per MBtu in the other EU countries, and US$2.68 per MBtu in the U.S. The price for LNG Japan is US$4.72 per MBtu (BP 2001).
POSSIBLE TRANSPORT DISTANCES
Different maximum distances for economic pipeline transport of natural gas to Germany are for different combinations of fob price, production cost and transport cost (Fig. 9 ). Based on a long-term average fob price of 76.5 1000 m 3 transport over 5000 km by pipeline with a capacity of 20 billion m 3 per year is economical only for gas fields with a obtained production cost of less than 20.5 1000 m 3 . On the basis of these figures, transport of Turkmen or Iranian gas to Germany is marginal. Based on the fob price for January 2002 of 123 1000 m 3 gas with production cost of 68 1000 m 3 can be transported. If the pipeline has a capacity higher than 20 billion m 3 , the project will be even more favourable. On the other hand, high natural gas reserves are needed for this case, if possible a supergiant field. These figures show that a high natural gas price will be necessary for the development of new natural gas fields in producing countries far from the consuming countries.
Transport of natural gas as LNG can be considered as an alternative for distances more than 3000 km (Fig. 6) . On the other hand, the cost is higher than that for crude oil. A condition for this kind of transport is access to a seaport. A further alternative for the future could be conversion of natural gas to synthetic fuel (gas to liquid -GTL) in the natural gas field and transport as liquid with higher energy density analogous to that of crude oil.
CONTRACT SITUATION
As mentioned above, the supply of natural gas is regulated by contractual agreements between producer and distributor. In Germany, supplies are under contract up to 2010, in some cases until 2028. Ruhrgas AG has contracts for the supply of 22.9 billion m 3 per year of Norwegian gas up to 2010 and 2028 (Bartsch 1999 ) and of 13 billion m 3 per year of Russian gas to 2028. Pfingsten (2000) states that the natural gas supply for Germany for 2010, predicted to be on the order of about 100 billion m 3 , has already been contracted for. Wybrew-Bond (1999) predicts an even higher amount of 116 billion m 3 per year. Wybrew-Bond (1999) predict natural gas consumption for EU countries at about 490 billion m 3 for 2010, of which 460 billion m 3 are already contracted for. As several pipeline projects to Western Europe are under way, a tight supply situation is not expected in Western Europe.
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Figure 9: Maximum distances for natural gas transport in relation to fob prices and production costs
POTENTIAL FOR REDUCING COSTS
In order to secure the future gas supply and to take advantage of this environmentallyfriendly energy source in competition with other primary fuels, effective cost-reducing measures in the natural gas supply chain must be taken, similar to the case of the oil industry, where costs have been significantly reduced in the last several years. It is now assumed by leading oil companies that oil can be profitably produced in the future even at an oil price of US$10 per barrel. Cost-reducing measures must be taken at all stages of the natural gas supply chain from exploration to distribution (Fig. 12 ).
